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Abstract 
Background: Heterochromatin is essential for chromosome segregation, gene silencing and genome integrity. The 
fission yeast Schizosaccharomyces pombe contains heterochromatin at centromeres, subtelomeres, and mating type 
genes, as well as at small islands of meiotic genes dispersed across the genome. This heterochromatin is generated 
by partially redundant mechanisms, including the production of small interfering RNAs (siRNAs) that are incorporated 
into the RITS protein complex (RNAi‑Induced Transcriptional Silencing). The assembly of heterochromatin islands 
requires the function of the RNA‑binding protein Mmi1, which recruits RITS to its mRNA targets and to heterochroma‑
tin islands. In addition, Mmi1 directs its targets to an exosome‑dependent RNA elimination pathway.
Results: Ccr4‑Not is a conserved multiprotein complex that regulates gene expression at multiple levels, including 
RNA degradation and translation. We show here that Ccr4‑Not is recruited by Mmi1 to its RNA targets. Surprisingly, 
Ccr4 and Caf1 (the mRNA deadenylase catalytic subunits of the Ccr4‑Not complex) are not necessary for the degrada‑
tion or translation of Mmi1 RNA targets, but are essential for heterochromatin integrity at Mmi1‑dependent islands 
and, independently of Mmi1, at subtelomeric regions. Both roles require the deadenylase activity of Ccr4 and the 
Mot2/Not4 protein, a ubiquitin ligase that is also part of the complex. Genetic evidence shows that Ccr4‑mediated 
silencing is essential for normal cell growth, indicating that this novel regulation is physiologically relevant. Moreover, 
Ccr4 interacts with components of the RITS complex in a Mmi1‑independent manner.
Conclusions: Taken together, our results demonstrate that the Ccr4‑Not complex is required for heterochromatin 
integrity in both Mmi1‑dependent and Mmi1‑independent pathways.
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Background
Carbon catabolite repression 4-negative on TATA-less 
(Ccr4-Not) is a highly conserved multiprotein complex 
that regulates gene expression at multiple levels, includ-
ing transcription initiation and elongation, RNA export, 
RNA turnover and translation [1]. The Ccr4-Not complex 
in Saccharomyces cerevisiae consists of nine core subu-
nits (Ccr4, Caf1/Pop2, Not1-5, Caf40 and Caf130), most 
of which are present in other eukaryotic organisms [1]. 
Two enzymatic activities are associated with the com-
plex: deadenylation (carried out by Ccr4 and Caf1/Pop2, 
which are unrelated to each other in sequence) and ubiq-
uitination (performed by Not4, which is also known as 
Mot2) [1]. The control of cytoplasmic mRNA turnover by 
Ccr4-Not is the best understood function of the complex. 
This role is mediated by Ccr4-Not deadenylase activity, 
which reduces the length of the poly(A) tail that protects 
mRNAs from degradation and thus destabilizes them 
[1]. Ccr4-Not is also involved in nuclear RNA degrada-
tion, and associates with the nuclear exosome and the 
non-canonical polyadenylation complex TRAMP (Trf4/
Air2/Mtr4 Polyadenylation), which recognizes and tags 
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aberrant mRNAs [2]. Ccr4-Not can also regulate mRNA 
translation independently of its deadenylase activity [3, 
4]. Other roles of the complex such as the regulation of 
transcription and RNA export are less understood, but 
do not appear to be connected with specific enzymatic 
activities [1]. Some of these functions may involve inter-
actions between Ccr4-Not and histone acetyl transferases 
[5] or RNA polymerase II [6]. Finally, the Not4 subunit 
possesses E3 ubiquitin ligase activity and is involved in 
protein quality control [7]. Ccr4-Not is recruited to target 
mRNAs by sequence-specific RNA-binding proteins that 
interact with different subunits of the complex [8–11]. In 
mammalian cells, the Ccr4-Not complex is also recruited 
to microRNA (miRNA) targets through interactions with 
the GW182 protein, which in turn is directed to miRNA 
binding sites by argonaute proteins [12–14].
The fission yeast Schizosaccharomyces pombe is widely 
used as a model for the regulation of chromatin and 
gene expression in eukaryotic cells. The presence of 
a core RNAi machinery (including argonaute (Ago1), 
Dicer (Dcr1) and RNA-dependent RNA polymerase 
(Rdp1), which are absent in S. cerevisiae) makes it a 
particularly attractive system [15]. S. pombe contains 
heterochromatin at three main sites: pericentromeres, 
subtelomeres and mating type region [16]. In addition, 
there are short blocks of heterochromatin at a small 
number of loci spread throughout the genome (hetero-
chromatin islands) [17], and additional heterochromatin 
domains (HOODs) appear when the nuclear exosome is 
inactivated [18]. RNAi mediates the formation of het-
erochromatin at the major sites. Transcription from 
repeated elements within these regions causes the for-
mation of double stranded RNAs (dsRNAs), which are 
processed by Dcr1 to produce small interfering RNAs 
of 21–22 nucleotides (siRNAs) that are loaded onto the 
RNA-induced transcriptional silencing (RITS) complex. 
RITS is composed of Ago1, the chromodomain protein 
Chp1 and a structural protein called Tas3. RITS is tar-
geted by the siRNAs to the sequence repeats, where it 
recruits the Clr4 protein that catalyses the methylation 
of histone H3 in lysine 9 (H3K9), a hallmark of hetero-
chromatin. Chp1 binds to methylated H3 (H3K9-me), 
thus generating a positive feedback that promotes the 
assembly and spreading of heterochromatin. Hetero-
chromatin in these regions can also be assembled by a 
less well-characterized, RNAi-independent pathway 
[16]. HP1 protein family members (such as Swi6) are 
recruited to methylated H3K9 and form a platform that 
recruits other chromatin modifiers, allowing the spread 
of heterochromatin [16]. Other cis sequences and trans 
factors act as boundary elements, preventing hetero-
chromatin from spreading into adjacent regions. A key 
factor is a protein called Epe1, which is recruited to 
heterochromatin and acts as an anti-silencing element 
[19–23].
S. pombe cells enter sexual differentiation, a process 
that culminates in meiosis and sporulation, under nitro-
gen starvation conditions [24]. This developmental 
process is accompanied by a complex gene expression 
program [25], involving both transcriptional and post-
transcriptional mechanisms [25–32]. The expression of 
some meiotic genes in mitotically dividing cells (mostly 
belonging to the ‘early’ category) is toxic, and is prevented 
by a silencing mechanism mediated by the YTH (YT521-
B Homology) family RNA-binding protein Mmi1 [27]. 
Mmi1 recognizes a specific sequence on its target RNAs 
(known as Determinant of Selective Removal, or DSR) 
and tags them for degradation by the nuclear exosome 
[27, 33]. This pathway involves the addition of a poly(A) 
tail to Mmi1-bound RNAs, and requires the function of 
nuclear poly(A) binding protein (Pab2) [33–35] as well as 
the zinc-finger-containing protein Red1 [34, 36].
Several heterochromatin islands overlap with Mmi1 
target genes [17]. These loci associate with Ago1 [17], 
Rrp6 and Red1 [37, 38], and some of them lose H3K9 
methylation in the absence of Red1 [37, 38] and Mmi1 
[37, 39]. By contrast, other islands that do not corre-
spond to meiotic genes fail to accumulate Red1 and are 
not sensitive to red1 mutation [38]. Insertion of a DSR 
sequence is sufficient to induce the formation of a het-
erochromatin region [37, 38], although additional cis 
sequences are likely to be important [39]. This process 
requires active transcription as well as mmi1, red1 and 
rrp6 functions [37–39]. RITS components interact with 
heterochromatin islands in a Mmi1-dependent manner 
[37, 38], although ago1 and dcr1 are not necessary for 
their integrity. In addition, RITS associates with Mmi1 
target mRNAs, in a process that also requires Mmi1 [37]. 
Pab2 has a major influence in the recruitment of RITS to 
mei4 RNA but a smaller importance for its binding to the 
mei4 gene, while Red1 has the opposite effect. This find-
ing suggests the existence of parallel, partially redundant 
pathways to recruit RITS to heterochromatin islands 
[37]. In contrast to heterochromatin islands, H3K9 meth-
ylation in HOODs is dependent on RNAi [18].
We show here that Mmi1 recruits the conserved Ccr4-
Not complex to its RNA targets. Mutations in genes 
encoding subunits of the complex (ccr4, caf1) do not 
affect the stability of Mmi1 RNA targets, but lead to the 
loss of heterochromatin in the corresponding loci. More-
over, ccr4 and caf1 mutations disrupt heterochromatin 
in subtelomeric regions, which are not affected by mmi1 
mutations. The deadenylase activity of Ccr4 is essen-
tial for both functions. Two other subunits of the com-
plex show specific behaviours: Mot2/Not4 is required at 
both islands and subtelomeres, whereas Not2 only has an 
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effect on heterochromatin islands. Finally, we show that 
the Ccr4-Not complex associates with the RITS complex 
in a Mmi1-independent fashion. Our results demonstrate 
that the Ccr4-Not complex is required for heterochroma-
tin integrity in both Mmi1-dependent and Mmi1-inde-
pendent manners.
Results
The Mmi1 protein recruits the Ccr4‑Not complex to its 
target mRNAs
As part of a project to understand the regulation of RNA 
decay in fission yeast, we sought to identify mRNAs asso-
ciated with the Ccr4-Not complex in vegetatively grow-
ing cells. We purified epitope-tagged Ccr4 together with 
interacting RNAs, and used DNA microarrays to identify 
the bound RNAs (RNA-binding protein immuno pre-
cipitation analysed with DNA chips, or RIP-chip). Ccr4 
copurified with ~40 mRNAs and five non-coding RNAs 
(ncRNAs) that were highly enriched in early meiotic 
genes (Fig.  1a; Additional file  1: Table S1); these genes 
are weakly expressed in vegetative cells but are induced 
during pre-meiotic S phase and meiotic prophase [25]. 
Two other subunits of the complex, Caf1 and Rcd1 (the 
S. pombe Caf40 homologue), interacted with the same set 
of RNAs, suggesting that the whole Ccr4-Not complex 
associates with these mRNAs (Fig. 1b, c; Additional file 1: 
Table S1). Although the overlap between mRNAs associ-
ated with different subunits was highly significant, it was 
far from complete. This may be due to technical noise 
(some interactions may be lost during the purification) 
or reflect the existence of multiple complexes contain-
ing different subunits. At present, we cannot distinguish 
between these two possibilities.
A subset of early meiotic genes binds to the YTH-
domain-containing Mmi1 protein, which targets them for 
degradation via the nuclear exosome pathway. Although 
several targets of Mmi1 have been identified by Mmi1 
immunoprecipitation coupled with RT-PCR [37], they 
have not been analysed systematically. To obtain a full set 
of direct Mmi1 targets, we performed RIP-chip experi-
ments using epitope-tagged Mmi1, complemented with 
microarray-based expression profiling of mmi1 deletion 
mutants. As mmi1 is an essential gene, the expression 
arrays were performed in a mei4 deletion background 
(mei4 encodes a meiotic transcription factor), which sup-
presses the lethality of the mmi1 deletion [27]. The Mmi1 
protein coprecipitated with 61 mRNAs and 7 ncRNAs 
(Additional file  1: Table S1), whereas 69 mRNAs and 9 
ncRNAs were overexpressed in mmi1 mutants (Addi-
tional file  1: Table S2). Both sets overlapped extensively 
with each other (Fig.  1d), as well as with genes overex-
pressed in mutants in the pab2 and red1 genes [34]. The 
68 Mmi1-associated RNAs encompassed 17 out of the 21 
previously published Mmi1 targets [37]. Direct targets of 
Mmi1 overlapped with Ccr4-bound mRNAs, indicating 
that both proteins bound to the same RNA set (Fig. 1e). 
Two annotated ncRNAs coprecipitated with Ccr4, Caf1, 
Rcd1 and Mmi1: meiRNA (SPNCRNA.103), which is a 
key regulator of entry into pre-meiotic S phase [40] and 
a known Mmi1 interactor [27], and the uncharacterised 
SPNCRNA.388. We note that SPNCRNA.388 contains 
a small translated open reading frame, indicating that it 
has coding potential [41].
Mmi1 is thought to bind directly to a well-defined 
RNA sequence motif [42], while the Ccr4-Not com-
plex is typically recruited to particular mRNAs through 
sequence-specific RNA-binding proteins [1, 43]. This 
result raised the possibility that Ccr4-Not is recruited 
to its RNA targets by Mmi1. To investigate this possibil-
ity further, we performed Ccr4 RIP-chip experiments in 
cells lacking mmi1 (as above, the experiment was per-
formed in a mei4Δ background). As predicted, the inter-
action between Ccr4 and its RNA targets was completely 
lost in the absence of Mmi1 (Fig.  2a). By contrast, the 
mRNA encoding Not1, another component of the Ccr4-
Not complex, was enriched in both wild-type and mmi1 
mutant backgrounds (Fig. 2a, indicated with a star). The 
interaction between Ccr4 and the not1 mRNA is likely to 
represent a cotranslational interaction between Ccr4 and 
the Not1 nascent peptide [44, 45], and serves as a control 
for the immunoprecipitation reaction. In addition, the 
Mmi1 and Ccr4 proteins coprecipitated in an RNA-inde-
pendent manner, indicating that they are part of the same 
multiprotein complex (Fig.  2b, c). Taken together, these 
data indicate that Mmi1 recruits the Ccr4-Not complex 
to its target mRNAs.
Ccr4‑Not does not regulate the stability and translation 
of Mmi1 targets
A major function of the Ccr4-Not complex is the short-
ening of poly(A) tails through its deadenylase activity, 
which often results in mRNA destabilization. To explore 
whether Ccr4 regulates the stability of Mmi1 targets, 
we used DNA microarrays to measure mRNA levels in 
mutants defective for either deadenylase catalytic subunit 
(ccr4 and caf1). Both mutants grew slowly compared to 
wild-type cells, mated with low efficiency, and displayed 
similar changes in the levels of 78–90 RNAs (Fig.  3a; 
Additional file 1: Table S2). However, the relative levels of 
most Ccr4-bound RNAs were not affected in any of the 
mutants (Fig. 3a, b). The only exception to this was mei4, 
which showed a small but significant increase of 1.8-
fold in caf1 mutants, and a rise of 1.4-fold in ccr4Δ cells 
(that did not pass the statistical significance threshold, 
see “Methods”). We examined the possibility that Ccr4 
and Caf1 act redundantly by constructing a caf1Δ ccr4Δ 
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double mutant. The double mutant was viable and dis-
played changes in gene expression similar to those of the 
single mutants (Additional file 1: Table S2). Notably, none 
of the Ccr4-bound mRNAs showed significant changes 
in gene expression (Fig. 3c). Again, the mei4 mRNA was 
mildly overexpressed (1.6-fold), but the change did not 
pass the significance threshold. These data indicate that 
Caf1 and Ccr4 do not regulate the levels of the early 
meiotic mRNAs with which they associate in a stable 
manner.
We then considered the possibility that the Ccr4-
Not complex is part of a back-up system that degrades 
those mRNAs that escape the Mmi1/exosome sys-
tem. As this mechanism is highly efficient (the levels of 
Mmi1 targets are very low in vegetative cells [25]), the 
role of Ccr4-Not might be masked in wild-type cells. By 
contrast, if the Mmi1 pathway were partially compro-
mised, Ccr4-Not should become more important and its 
inactivation would lead to increased levels of Mmi1 tar-
gets. To test this model, we used the pab2 gene, which 
encodes a nuclear poly(A) binding protein [46], and 
rrp6, which encodes a nuclear-specific catalytic subu-
nit of the exosome [47]. Pab2 and Rrp6 cooperate with 
Mmi1, and Mmi1 targets are overexpressed in pab2 
and rrp6 mutants [33–35]. We made double mutants of 
pab2 and ccr4, and of rrp6 and ccr4, and compared their 
expression profiles to those of the pab2 and rrp6 sin-
gle mutants, respectively. Most Ccr4/Mmi1 target lev-
els were not increased in the double mutants (Fig.  3d). 
This result is inconsistent with Ccr4-Not functioning as 
a back-up mechanism to the Mmi1 RNA degradation 
system.
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In budding yeast, mutations in the CCR4 and POP2/
CAF1 genes cause opposite changes in mRNA stability 
and transcription for certain mRNAs, and thus do not 
lead to large changes in steady-state mRNA levels [48]. 
To investigate whether this phenomenon occurs in fis-
sion yeast, we measured genome-wide decay rates in 
wild-type and ccr4 mutants [26]. While mRNAs stabi-
lized in the mutant correlated with those overexpressed 
(Fig. 3e), the decay rates of the Mmi1 targets (including 
mei4) were not affected (Fig. 3f ). This is in stark contrast 
to pab2 and red1 mutants, in which Mmi1 targets are 
stabilized [34]. Altogether, these data indicate that a sub-
set of mRNAs is destabilized by Ccr4-Not but does not 
interact stably with the complex (and does not include 
Mmi1 targets). By contrast, Mmi1 targets are physically 
associated with Ccr4-Not, but their stability is not regu-
lated by Ccr4-Not.
Ccr4-Not regulates the translation of specific mRNAs 
in multicellular eukaryotes [3, 4]. To examine this possi-
bility, we tagged the proteins encoded by two Ccr4/Mmi1 
targets (Mei4 and Spo5) with a tandem affinity purifica-
tion (TAP) epitope. We used a tagging strategy that pre-
served the integrity of both 5′ and 3′ UTRs to maintain 
the endogenous transcriptional and posttranscriptional 
regulation of the targets (see “Methods”). Mei4 pro-
tein was expressed at very low levels and could not be 
detected by Western blot, neither in wild-type cells nor 
in single or double mutants of caf1 and ccr4 (Fig. 3g). By 
contrast, it was clearly detectable in mutants in which 
their mRNA levels were induced (pab2). Moreover, dele-
tion of caf1 or ccr4 in a pab2 mutant background did not 
lead to a further increase in Mei4 protein levels (Fig. 3g). 
Similarly, Spo5 levels were not increased by deletion of 
ccr4 in neither wild-type nor pab2Δ cells (Fig. 3h). These 
results suggest that Ccr4-Not does not regulate (or has a 
minimal impact on) the translation of its meiotic targets.
Ccr4‑Not is required for heterochromatin integrity 
in genomic island and subtelomeres
Mmi1 is also required for the maintenance of hetero-
chromatin in genomic ‘islands’, some of which corre-
spond to Mmi1 target genes. This function is carried 
out, at least partially, by targeting Red1 and compo-
nents of the RNAi complex RITS to specific genes [37, 
38]. However, inactivation of components of the RITS 
complex or heterochromatin causes no or only moder-
ate changes in the levels of mmi1 targets [37–39]. To 
investigate whether Ccr4-Not is involved in this role 
of Mmi1, we applied chromatin immuno precipitation 
analysed by sequencing (ChIP-seq) for genome-wide 
profiling of histone H3K9 di-methylation (H3K9-me2, a 
marker of heterochromatin) in ccr4Δ, caf1Δ and wild-
type cells. As a control for histone occupancy, the lev-
els of histone H3 were measured in parallel and used to 
normalize the enrichment in H3K9 methylation (Addi-
tional file 1: Table S3). We detected reproducible enrich-
ments above background in only 6 of the 21 originally 
reported heterochromatin islands (Additional file  1: 
Table S4) [38]. This discrepancy might reflect technical 
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issues, as the previous study used tiling microarrays that 
provide less resolution and tend to have higher noise 
levels. The detected islands included four clear targets 
of Mmi1 (mcp7, ssm4, moa1 and mei4), as well as two 
ncRNAs (SPNCRNA.1506 and SPNCRNA.394). Five of 
the islands displayed clear and reproducible decreases 
in H3K9-me2 in both ccr4 and caf1 mutants, suggest-
ing that the structure of heterochromatin in these loci 
is compromised (Additional file  1: Table S4; Fig.  4a, b, 
Additional file 2: Figure S1, Additional file 3: Figure S2). 
The extent of the reductions was varied, with the island 
containing mei4 showing the strongest effects (Addi-
tional file 1: Table S4; Fig. 4a). The island that includes 
SPNCRNA.1506 contained two blocks of heterochroma-
tin, one of which appeared to be much more sensitive to 
mutations in caf1 and ccr4 (Fig.  4b). Mutants in mmi1 
showed reduced levels in H3K9-me2 in the four loci 
corresponding to Mmi1 targets (Additional file 1: Table 
S4; Fig. 4a, Additional file 3: Figure S2A, B) but not in 
the two ncRNAs (Additional file 1: Table S4; Fig. 4b and 
[38]), indicating that Ccr4-Not can regulate heterochro-
matin independently of Mmi1.
The ccr4Δ and caf1Δ mutants also led to a dramatic 
reduction in H3K9-me2 levels (but not in histone occu-
pancy) in subtelomeric regions (Additional file  1: Table 
S5; Fig. 4c, d, Additional file 3: Figure S2C, D). The most 
distal part of the subtelomeric region appeared unaf-
fected, including the tlh1 and tlh2 genes. These genes 
contain sequences homologous to those of centromeric 
repeats, and are capable of nucleating heterochroma-
tin [49]. The effect of the mutations was specific to the 
telomeres, as other major heterochromatic regions 
(mating type locus and centromeres) were unaffected 
(Additional file 1: Tables S6, S7; Fig. 4e). Moreover, ccr4 
and caf1 mutations did not cause decreased methyla-
tion in HOODs, including Tf2 transposons (Additional 
file 1: Tables S8, S9). Given these results, we also inves-
tigated whether Mmi1 is required for heterochromatin 
integrity at subtelomeric regions. Although H3K9-me2 
relative amounts were decreased in genomic islands, its 
levels were not reduced (and appeared even increased, 
Fig.  4c, Additional file  3: Figure S2D) in subtelomeric 
regions (Additional file 1: Table S5). This finding suggests 
that Ccr4 regulates heterochromatin integrity in genomic 
islands in a Mmi1-dependent fashion, while the same 
role at subtelomeres is mediated by a different, yet uni-
dentified factor.
We next investigated whether the deadenylase activity 
of Ccr4-Not is important for its role in heterochromatin 
formation. We generated two independent point mutants 
in key residues of the catalytic site of Ccr4 (D558A and 
H665A) [50]. Similar to cells carrying a deletion in ccr4, 
both mutants grew slowly and displayed low efficiency of 
mating. In addition, their microarray profiles overlapped 
with that of ccr4Δ (Additional file 4: Figure S3). ChIP-seq 
for histone H3K9-me2 revealed a pattern almost iden-
tical to those of ccr4Δ and caf1Δ, including a decrease 
in several heterochromatin islands (mei4, mcp7 and 
SPNCRNA.1506) and a prominent reduction in subtelo-
meric regions (Additional file  1: Tables S4–S9; Fig.  5a, 
b). These results suggest that the deadenylase catalytic 
activity of the complex is essential for its regulation of 
heterochromatin.
We then explored if other subunits of the complex 
are necessary for heterochromatin regulation. We 
used ChIP-seq to monitor H3 and H3K9-me2 levels in 
mutants in mot2/not4 (which encodes a ubiquitin ligase) 
and not2 (encoding a core component of the complex 
with no known enzymatic activity). Mutation of not2 
caused a decrease in H3K9-me2 in the mei4 and mcp7 
islands, but did not affect heterochromatin in subtelom-
eric regions (Additional file  1: Tables S4–S5; Fig.  5c, d). 
By contrast, mot2/not4 mutants displayed a phenotype 
similar to those of caf1 and ccr4, with a striking reduction 
in H3K9-me2 in some islands (Additional file 1: Table S4; 
Fig.  5c) and in all subtelomeres (Additional file 1: Table 
S5; Fig. 5d). Similar to caf1 and ccr4 mutants, the effect 
was also highly specific, and transposons, centromeres 
and HOODs were not affected (Additional file 1: Tables 
S6, S8–S9).
Ccr4 interacts with the chromodomain protein Chp1
If Ccr4-Not is involved in heterochromatin formation 
and/or maintenance, it would be expected to interact 
with other proteins important for this process. Indeed, 
Ccr4 coprecipitated with the chromodomain protein 
Chp1 in an RNA-independent manner. Moreover, the 
Ccr4-Chp1 interaction did not require Mmi1, in agree-
ment with our results that Ccr4 is required for het-
erochromatin integrity in both Mmi1-dependent and 
Mmi1-independent pathways (Fig.  6a). We then used 
ChIP-seq to monitor the distribution of Chp1 on het-
erochromatin in wild-type and ccr4 mutants (Addi-
tional file  1: Table S10). In wild-type cells, Chp1-TAP 
was enriched in a few heterochromatin islands (mcp7, 
mei4 and SPNCRNA.1506) (Additional file  1: Table 
S11), subtelomeric regions (Additional file 1: Table S12) 
and centromeres (Additional file  1: Table S13). Consist-
ent with our previous results, Chp1-TAP levels were 
reduced in ccr4 mutants on islands and subtelomeres, but 
not on centromeres (Additional file  1: Tables S11–S13). 
Thus, Ccr4-Not is required for normal accumulation of 
Chp1 in both Mmi1-dependent and Mmi1-independent 
heterochromatin.
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Genetic interactions between ccr4 and components of the 
Mmi1 degradation pathway
Finally, we tested whether the regulation of Mmi1 targets 
by Ccr4 has functional significance. The mei4 gene is the 
main target of the Mmi1 system, and inactivation of Mei4 
is sufficient to rescue the lethality of mmi1 mutants. Sim-
ilarly, we found that deletion of mei4 strongly improved 
the growth of ccr4Δ cells, although the growth rate of 
the double mutant did not reach that of wild-type cells 
(Fig.  6b). This lack of complete rescue may be due to 
Mmi1-independent functions of the Ccr4-Not complex. 
Moreover, ccr4 mutations showed strong negative inter-
actions with mutations in red1 and rrp6 (Fig.  6b). This 
finding suggests that Ccr4 acts in a different pathway 
than Red1 and Rrp6, but all three proteins cooperate in 
the silencing of Mmi1 targets.
Discussion
We report the surprising finding that Ccr4-Not is 
required for the integrity of heterochromatin signatures 
at islands and subtelomeric regions. As Ccr4-Not inter-
acts with the Mmi1 protein and its RNA targets, it is 
likely that Mmi1 recruits the complex to the vicinity of 
heterochromatic islands using a similar mechanism to 
that used for the RITS complex. By contrast, Ccr4-Not 
does not copurify with RNAs from subtelomeric genes 
(Additional file  1: Table S1), and Mmi1, Red1 and Rrp6 
are not required for the integrity of subtelomeric hetero-
chromatin (Additional file  1: Table S5; Fig.  4c, d, Addi-
tional file 3: Figure S2C, D) and [18]. This suggests that 
Ccr4-Not is targeted to subtelomeric genes using a dif-
ferent pathway that does not involve Mmi1 and stable 
association with subtelomeric RNAs. The specificity of 
the Not2 phenotype for heterochromatins islands may 
indicate a role in the recruitment of Ccr4-Not to Mmi1 
targets. The lack of effect of mutations in ccr4 and caf1 on 
the degradation and translation of Mmi1 targets are con-
sistent with the nuclear localization of the Mmi1 protein 
[27].
If Ccr4-Not had a direct function in heterochroma-
tin assembly or maintenance, it would be expected to 
be associated with heterochromatic loci and proteins 
involved in heterochromatin formation. Consistently, 
Ccr4 associates with Chp1 in a Mmi1-independent 
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manner. We tried mapping the location of Ccr4 using 
ChIP-seq (CC and JM, unpublished data), but were una-
ble to detect specific enrichments. This negative result 
may indicate that the association of Ccr4-Not with chro-
matin is transient and/or indirect.
Telomeric heterochromatin is nucleated by two inde-
pendent pathways, and later spreads towards the inside 
of the chromosome. The first nucleation mechanism is 
mediated by the telomere-binding protein Taz1, while the 
second one relies on RNAi and small regions of homology 
to centromeric repeats [49, 51]. H3K9-me2 enrichment at 
the most distal parts of the subtelomeres was unaffected 
in ccr4, caf1 and mot2/not4 mutants, suggesting that 
Ccr4-Not is dispensable for heterochromatin nucleation. 
Mutations in swi6, which is essential for heterochromatin 
spreading [52], show a similar H3K9-me2 pattern as do 
mutations in ccr4, caf1, and mot2/not4 (although H3K9-
me2 in distal parts of the telomere is partially reduced in 
swi6 but not at all in ccr4, and mot2/not4 mutants) [17, 
49]. These results might indicate that Ccr4-Not is nec-
essary for heterochromatin spreading, thus determining 
the location of the boundary between euchromatin and 
heterochromatin. In the case of heterochromatin islands, 
a small accumulation of H3H9-me2 is present in the 
mutants, suggesting that the machinery that initiates het-
erochromatin formation is still partially functional.
How does the Ccr4-Not complex participate in hetero-
chromatin formation or maintenance? The three proteins 
of the complex with known catalytic activities (the dead-
enylases Caf1 and Ccr4, and the ubiquitin ligase Mot2/
Not4) are essential for heterochromatin integrity at both 
islands and subtelomeres. By contrast, the non-catalytic 
subunit Not2 has an effect on the islands, but not on 
subtelomeric regions. In the cytoplasm, the deadenylase 
activity of Ccr4-Not leads to shortening of poly(A) tails 
[1]. Ccr4 is the major deadenylase enzyme in vivo in bud-
ding yeast, whereas Caf1 anchors Ccr4 to the complex 
[50, 53]. We show that two independent single-amino 
acid mutants in the catalytic site of Ccr4 phenocopy a 
deletion of ccr4, strongly suggesting that the deadeny-
lase function of Ccr4 is required for heterochromatin 
formation. The Mmi1-mediated RNA degradation path-
way involves the addition of a poly(A) tail to Mmi1 RNA 
targets, which is required for degradation by the nuclear 
exosome. Indeed, mutations in pab2 and rrp6 cause the 
accumulation of Mmi1 targets containing abnormally 
long poly(A) tails [33]. Ccr4-Not might counteract the 
polyadenylation of Mmi1 targets, possibly increasing 
their stability and thus allowing them to participate in 
heterochromatin formation before being targeted for 
degradation. However, we did not observe clear changes 
in the length of the poly(A) tail of the mcp7 RNA in ccr4 
mutants (CC and JM, unpublished data). It is possible 
that Mmi1 targets are degraded as soon as the poly(A) 
length increases, and that the steady-state poly(A) length 
is thus not affected.
The Not4 ubiquitin ligase of the complex has been 
implicated in protein quality control in the cytoplasm 
[54]. Substrates on Not4 include the small ribosomal 
protein Rps7A [55]. Ubiquitination of Rsp7 does not lead 
to protein degradation, but is essential for cell viabil-
ity. Not4 has also been implicated in the regulation of a 
histone modification, the trimethylation of histone H3 
at lysine 4 (H3K4-me3). This effect is mediated through 
Not4-mediated ubiquitination of the Jhd2 demethylase, 
which targets it to the proteasome [56]. Ubiquitination 
is also involved in the establishment of heterochromatin 
boundaries in fission yeast. The Cul4-Ddb1-Cdt2 ubiqui-
tin ligase down-regulates the levels of the silencing inhib-
itor protein Epe1. In ddb1 mutants, Epe1 spreads from 
the boundaries into the body of heterochromatin regions 
[21]. However, epe1Δ mutants do not seem to display 
clear changes in the boundary of the heterochromatin 
block of the telomere examined [21]. Other histones, 
such as H2B, are also regulated by ubiquitination [57, 58]. 
Further work will be required to identify the targets of 
Mot2/Not4, and to ascertain if their ubiquitination regu-
lates their function or triggers their proteolysis.
Although the effects of ccr4 and caf1 mutations on 
heterochromatin around the mei4 locus are strong, they 
lead to only minor increases in mei4 mRNA levels. By 
contrast, mutations in genes that regulate the stability of 
Mmi1 targets (such as pab2 or red1) cause a major accu-
mulation of mei4 and other Mmi1 targets [33–37]. This 
finding is consistent with the Mmi1 RNA elimination 
system being highly efficient. However, double mutants 
in ccr4 and pab2 did not display any further increase in 
mei4 levels, suggesting that the mei4 locus is only par-
tially derepressed in caf1Δ and ccr4Δ cells, possibly 
because of the residual heterochromatin present in the 
mutant (Fig. 4a). Notably, this small level of derepression 
has clear functional consequences, as evidenced by the 
rescue of ccr4 mutations upon deletion of mei4 (Fig. 6b). 
The caf1Δ and ccr4Δ cells also did not show any evident 
increase in RNA levels of genes located in subtelomeric 
regions, many of which are up-regulated during nitro-
gen starvation [25]. It is possible that expression of these 
genes requires the removal of a repressing factor (hetero-
chromatin) as well as the presence of an additional acti-
vating signal, such as a transcription factor.
Conclusions
The Ccr4-Not complex regulates gene expression at mul-
tiple levels, both transcriptional and posttranscriptional. 
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We have identified a novel role of this multiprotein com-
plex in maintaining heterochromatin integrity at sub-
telomeres and heterochromatin islands. Surprisingly, all 
catalytic subunits of Ccr4-Not are required for this func-
tion. In heterochromatin islands, Ccr4-Not is targeted to 
the corresponding mRNAs by the YTH-family protein 
Mmi1. Another YTH protein from S. cerevisiae (Pho92) 
coprecipitates with Caf1/Pop2 [59], suggesting that the 
recruitment of Ccr4-Not to mRNAs by YTH proteins 
may be widespread. Given the conservation of the Ccr4-
Not complex, it is likely that this role will be relevant in 
higher eukaryotes.
Methods
Fission yeast methods
Standard methods and media were employed [60]. For 
Mei4 TAP tagging, a 550 base pair fragment correspond-
ing to the 3′ end of the mei4 coding sequence was gener-
ated by PCR and cloned upstream of TAP into the SalI/
PacI sites of pFA6a-4X-TAP. A 730 base pair fragment 
from the 3′ untranslated region was obtained in a simi-
lar way and inserted downstream of TAP, using the AscI 
and BglII restriction sites. The plasmid was linearized 
using MfeI (which cuts in the coding sequence) and 
transformed into fission yeast [61]. For Spo5 TAP tag-
ging, the adh1 terminator of pFA6aTAP was replaced 
with a 100 base pair fragment corresponding to the spo5 
3′ untranslated region. This plasmid was targeted to the 
spo5 locus by homologous recombination using flanking 
regions cloned into the plasmid. Mmi1 was TAP-tagged 
at the N-terminus using a Cre-loxP method as described 
[62]. Other taggings and gene deletions were carried out 
using standard PCR-based methods [61, 63]. A conserved 
aspartic acid residue (position 558) or a histidine (posi-
tion 665) in the Ccr4 protein was mutated to alanine. 
Both amino acids are part of the catalytic site and essen-
tial for its activity [50]. The mutations were introduced 
into the endogenous ccr4 locus were generated using a 
two-step strategy [64]. First, 500 base pairs of the 3′ end 
of the ccr4 gene were deleted in an ura5-14 lys7-2 strain 
with a cassette containing both the ura5 and the lys7 
genes. The cassette was then replaced by homologous 
recombination with a linear fragment of 500 base pairs 
of the 3′end gene of the ccr4 gene containing either of 
the above mutations. The DNA fragments containing the 
mutations were synthesized by GeneArt Gene Synthe-
sis service (Life Technologies, USA). Uracil auxotrophic 
clones were selected by resistance to 5-fluoroorotic acid 
(5-FOA), and correct recombination was confirmed by 
the loss of the lys7 gene and by genomic sequencing. For 
transcriptome analysis, RIP-chip, and ChIP-seq experi-
ments, cells were grown in yeast extract media (YE) at 
32°C. For the temperature-sensitive mutant rrp6-32, cells 
were grown on YE at 25°C and incubated at 36°C for 2 h 
before collection. Additional file 1: Table S14 lists all the 
strains used in this work.
Preparation of cell extracts, immunoprecipitation 
and protein detection
RIP-chip experiments were performed exactly as 
described [34]. For coimmunoprecipitation experiments, 
whole cell extracts were prepared from 100  ml of cells 
grown in YE at 32°C to a cell density of 8 × 106 cells/ml. 
Cells were resuspended in lysis buffer [20 mM Tris HCl, 
140 mM KCl, 1.8 mM MgCl2, Np-40 0.1%, 1:100 protease 
inhibitor cocktail (Sigma P8340) and 1 mM PMSF], and 
lysed using a Fastprep 24 bead-beater (one cycle of 13 s 
at level 6). RNase treatment was performed by incubating 
300 µl of extract with 15 μl of RNase cocktail (Life Tech-
nologies AM2286) for 30 min at room temperature. The 
efficiency of the RNase treatment was assessed by aga-
rose gel electrophoresis. Cell lysates were then incubated 
with 100  μl of magnetic beads (Pan Mouse IgG, Life 
Technologies) coated with anti-protein A antibody (clone 
SPA-27, Sigma) for 2  h at 4°C. The beads were washed 
5 times in 0.5 ml of lysis buffer containing 10% glycerol 
and 0.2  mg/ml heparin, and the immunoprecipitates 
were resuspended in lysis buffer. TAP-tagged proteins 
were detected by Western blot using peroxidase-antiper-
oxidase complex (Sigma), myc-tagged proteins with the 
9E10 monoclonal antibody (Abcam), FLAG-tagged pro-
teins with the M2 monoclonal (Sigma), and tubulin with 
the B-5-1-2 monoclonal (Sigma).
Determination of mRNA levels and stabilities using 
microarrays
Total RNA was purified using hot phenol extraction [65]. 
mRNA decay rates were determined using in vivo label-
ling with 4-thiouridine as described [34], using a labelling 
time of 7 min.
Microarray protocols and analysis
For expression analysis and RNA stability analysis, 
fluorescently labelled probes were prepared exactly as 
described [34]. Labelled cDNAs were hybridized to 
custom-designed oligonucleotide microarrays manufac-
tured by Agilent [45]. Microarrays were scanned with a 
GenePix 4000A microarray scanner and analysed with 
GenePix Pro 5.0 (Molecular Devices). Microarray data 
for transcriptome analysis were normalized using Loess, 
and for RNA stability determination expression ratios 
were median-centred. Differentially expressed genes 
were defined using Significance Analysis of Microarrays 
with a false discovery rate smaller than 0.005 [66]. The 
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analysis of RIP-chip experiments was performed as fol-
lows: relative enrichments for all detected RNAs (immu-
noprecipitated versus total RNA) were log-transformed 
and mean-centred. A z-score was then calculated, and 
mRNAs whose z-score was above 2.5 in both biologi-
cal replicates (for experiments performed twice) or two 
out of three (for experiments carried out three times) 
were selected. For all experiments, the significance of the 
overlap between gene sets was determined using Fisher’s 
exact test.
ChIP‑seq experiments
200  ml of cells were grown in YE at 32°C to a density 
of 1  ×  107 cells/ml. Cells were fixed by the addition 
of formaldehyde to a final concentration of 1%, fol-
lowed by incubation for 30  min at 32°C. The reaction 
was stopped with 10  ml of 2.5  M glycine. Cells were 
washed extensively in phosphate-buffered saline solu-
tion (PBS), resuspended in lysis buffer [50 mM HEPES 
pH 7.6, 140 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 
1 mM PMSF, and 1× complete protease inhibitor cock-
tail (Roche)], and lysed with a Fastprep 24 bead-beater 
(five cycles of 20 s at level 6.5). Chromatin was sheared 
by sonication with a Bioruptor (Diagenode; six cycles 
of 5  min with 30  s on/30  s off at high intensity). The 
lysates were cleared by centrifugation at 20,000g for 
10 min, and adjusted to 500 μl at 6 μg/μl total protein, 
as determined by the BCA assay. 100  µl of magnetic 
beads (Pan Mouse IgG or protein G, Life Technolo-
gies) was blocked with bovine serum albumin (0.5% 
w/v BSA), and coated with 5  µg of mouse monoclonal 
antibodies against methylated H3K9 (H3K9me2, Abcam 
ab1120) or with anti-histone H3 rabbit polyclonal anti-
bodies (Abcam ab1791), respectively. For Chp1-TAP 
ChIP-seq. 100 µl of magnetic beads coated with mouse 
IgG was used. The extracts were incubated overnight 
with the coated beads at 4°C with rotation. Next, the 
beads were washed twice with 0.8 ml of 50 mM HEPES 
pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 
and 0.1% sodium deoxycholate, twice in the same buffer 
containing 500 mM NaCl, twice in 10 mM Tris–HCl pH 
8, 250  mM LiCl, 1  mM EDTA, 0.5% NP-40, and 0.5% 
sodium deoxycholate, and once in Tris–EDTA solution. 
Elution and crosslinking reversal were performed by 
incubating the beads in 200 μl of 10 mM Tris–HCl pH 
8, 1  mM EDTA, and 1% SDS overnight at 65°C. DNA 
was purified with the MinElute PCR purification kit 
(Qiagen, The Netherlands) following the manufacturer’s 
protocol, and eluted in 10  μl. Libraries were prepared 
using the Next ChIP-seq Library Prep Master Mix Set 
for Illumina (New England Biolabs) according to the 
manufacturer’s instructions, and sequenced using an 
Illumina MiSeq system.
Quantification of ChIP by qPCR
ChIP was performed as described above, and samples 
diluted 1:400 before quantification. Quantitative analy-
sis of input DNA and immunoprecipitated DNA lev-
els was performed using Sybr Green JumpStart Taq 
ReadyMix (Sigma) in a real-time PCR machine (Rotor-Q 
Gene, Quiagen) using the following program: 10 min at 
95°C; 40 cycles of 95°C for 10 s, 60°C for 15 s and 72°C 
for 30  s, with each cycle followed by a 5-second melt-
ing ramp of 1°C steps (from 72 to 95°C) for acquisition. 
The following primers were used: qPCR_mei4_DSR_F 
(CTTCAAATGTTGCTGCCGAAG), qPCR_mei4_
DSR_R (GAGTTTCAGCATTTGGTTTAGG), cdc2.2_F 
(CCACTGGGGTTGATATTTGG) and cdc2.2_R 
(CGTTTCCAACGAGGAAATGT). Quantification of 
relative levels was performed as follows:
where Ct:mei4 and Ct:cdc2 correspond to the critical 
cycles.
Sequencing analysis
All data pre-processing was performed with custom 
scripts written in Perl (http://www.perl.org) and all down-
stream statistical analysis used R (http://www.r-project.
org/). For all analyses, S. pombe annotations and sequences 
available from GeneDB (http://old.genedb.org/), now 
PomBase (http://www.pombase.org/), on May 9, 2011 
were used [67]. Reads were trimmed to 50 base pairs and 
aligned to the S. pombe genome using Bowtie (allowing 
up to three mismatches in −v mode) [68]. Aligned data 
were visualized using the Integrated Genome Viewer [69]. 
For Additional file  1: Tables S3–S9 (normalized H3K9-
me2 occupancy), the number of reads mapping to every 
defined genomic feature was quantified and normalized to 
reads per kilobase per million reads. The density of H3K9 
methylation was then normalized to that of histone H3.
Availability of supporting data
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ited in ArrayExpress with the following accession num-
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